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Advisor: Mark Beatty, D.D.S. 
The purpose of this study was to ascertain if repeated stresses from extension cycling would 
result in accumulated damage in aligner materials and affect force delivery. A secondary goal was 
to identify potential differences in mechanical behavior present among orthodontic aligner 
polymers. Four thermoplastic polymers (Essix ACE, Taglus, Zendura, and Zendura FLX) were 
thermoformed, cut into strips, and extension cycled to 0.4 millimeters in a 37C water bath. Force 
decay, maximum and minimum force, and elastic modulus were measured during cycling. 
Additional samples were subjected to controlled tension until failure, allowing the measurement of 
yield strength, ultimate strength, and elastic modulus. Our results demonstrated that extension 
cycling resulted in decrease in maximum force and force decay, and an increase in modulus. It was 
postulated that stress relaxation and recoverable creep contributed to changes in force, while 
increased elastic modulus was attributed to the polymer network stiffening. Material property 
changes caused by extension cycling to 0.4 millimeters were completely recovered to initial levels 
after one week of storage, suggesting that low levels of repeated deformation do not generate 
permanent fatigue damage. Therefore, this amount of deformation incurred during removal and 
reinsertion of an aligner is unlikely to introduce permanent damage. Zendura FLX exhibited the 
least amount of force decay, whereas Zendura, Taglus, and Essix Ace exhibited similar force decay 
properties. Zendura exhibited highest strength, yield strength, and toughness.
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CHAPTER 1: INTRODUCTION 
A patient’s appearance while undergoing orthodontic treatment can have a significant 
impact on their view of themselves. A 2014 study found that a patient’s self-evaluations showed 
decreased beauty scores when metal fixed orthodontic appliances were being worn (Fonseca et al. 
2014). Another study reported that 33% of adults would be unwilling to undergo orthodontic 
treatment if visible braces were needed (Bergström et al. 1998). Multiple studies have shown that 
both adult and youth patients find clear aligner treatment more esthetic and prefer it to traditional 
metal brackets.  (Alansari 2020; Alansari et al. 2019; Ziuchkovski et al. 2008). Rosvall found that 
a significant number of patients find commonly used appliances (braces) unattractive and 
unacceptable. They also found that patients report they are willing to pay more money for 
appliances they deem more esthetic (Rosvall et al. 2009). This demand for esthetic orthodontic 
options along with the recent increase in adults seeking orthodontic treatment has helped drive the 
growth of the clear aligner industry (Rossini et al. 2015). 
In 1999 Align Technology introduced the Invisalign system. Using CAD-CAM 
technology the company fabricates a series of clear aligner trays that move teeth in a  incremental 
fashion until they reach the prescribed end position (Kuo and Miller 2003). Align’s patents have 
now begun to expire. Presently there are multiple competitor companies offering similar 
treatment options and selling their plastics directly to doctors, allowing clinicians to perform their 
own in-house aligner treatments. (Profitt 2019) (Weir 2017). 
Once clear aligners were introduced to the market, their clinical shortcoming became 
evident (Joffe 2003) (Phan and Ling 2007). Clear aligners present unique clinical challenges that 
metal brackets and arch wires do not. The main challenge with clear aligners is their sub-optimal 
mechanical properties. Inherent limitations associated with thermoplastic polymer materials 
include dimensional instability, low strength, and poor wear resistance (Ahn et al. 2015). 
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Orthodontic tooth movement requires continuously force delivery for at least 4 hours. Clear 
aligner therapy ideally moves teeth using light continuous force from 23 hours of continual wear 
(Ren et al. 2003). However, aligners begin to lose their ability to exert force as soon as they are 
inserted due to stress relaxation of the plastic (Simon et al. 2014).  In contrast, conventional 
treatment with Nickel Titanium wires provides a constant force over a large range of elastic 
deformation without permanent set (Kusy 1997).  
  A polymer’s ability to minimize stress relaxation is an important consideration in 
choosing one to deliver forces capable of moving teeth.  Stress relaxation is a loss of force over 
time, which translates into a gradual reduction of tooth movement into a desired location. Stress 
relaxation of various orthodontic polymers has been characterized in previous studies (Lombardo 
et al. 2017) (Fang et al. 2013; Jaggy et al. 2020; Kwon et al. 2008). However, less investigated is 
the potential force decay derived from repeated removal and re-insertion of aligner trays. 
 The purpose of this study is to evaluate elasticity and stress relaxation properties of four 
commonly marketed aligner plastics following cyclic extension. The intent is to provide baseline 
information relevant to force change produced by repeated insertion and removal of aligner 










CHAPTER 2: LITERATURE REVIEW 
2.1. Clear Aligners and Orthodontic Tooth Movement  
Clear aligners are capable of tooth movement, but their clinical efficacy is questionable. 
Align Technology reports that 20-30% of patients need a revision or refinement at some point in 
their treatment to reach the patient’s digitally planned end point. This is in contrast with 
orthodontists, who report 70-80% of their patients require refinement, mid-course correction, or 
the addition of braces to reach original treatment goals (Kravitz et al. 2009). Research suggests 
that clear aligner therapy (CAT) can level and align the arches, and is effective in controlling 
anterior intrusion, posterior buccolingual inclination, and upper molar bodily movements of 
approximately 1.5 millimeters. However, aligner therapy has been shown to be ineffective at 
controlling anterior extrusion, anterior buccal-lingual inclination, and rotations - especially with 
rounded teeth (Rossini et al. 2015). A prospective study published in 2020 reported that the mean 
accuracy of Invisalign to properly achieve tooth movements was approximately 50%. While this 
is a marked improvement from Invisalign’s previously reported accuracy (41%), the same 
strengths and weaknesses of orthodontic tooth movement (OTM) with aligners remain (Haouili et 
al. 2020).  With the reported weaknesses of the treatment modality, the orthodontist must have a 
solid understanding of clear aligners due to the increasing demand for aligners from patients. 
2.2. Factors Influencing Orthodontic Tooth Movement With Clear Aligners  
 There are multitude of factors that influence the efficacy of clear aligner therapy. The 
single most critical factor in aligner therapy is patient compliance (Bowman 2017). However, it 
has proven difficult to predict which patients will be compliant with their orthodontic treatment 
(Lee et al. 2008). Clinical protocols, specifically the prescribed length of wear and individual 
tooth activations, can also impact aligner therapy efficacy. Unfortunately, research into the most 
ideal clinical protocols is lacking. Previous studies suggest a two-week interval yields successful 
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results (Bollen et al. 2003). However, a 2012 study reported that tooth movement was not 
significantly different when comparing one-week versus two-week interval changes (Drake et al. 
2012). Additionally, the amount of movement clinicians program each tooth to move can vary 
anywhere from 0.1-1.0 millimeter per aligner.   
With limited research on clinical protocols, studying the material properties of various 
aligner polymers may provide the clinician with insight on how to better formulate treatment 
using aligners. This is because the aligners’ mechanical properties directly impact their clinical 
ability to move teeth. Tensile force decay and modulus of elasticity are especially relevant to the 
clinician, as they impact the magnitude of force, and its duration, on a tooth.   
2.3 Stress and Strain 
Essential concepts to understanding mechanical characterization of polymers are the 
phenomena of stress and strain.  
Stress is a material’s internal resistance to an applied load and is measured as the applied 
force divided by the cross-sectional area over which it is applied. The resulting dimensional 
change, that is, shortening, elongation, or bending of an object, is characterized by the property of 
strain. If an object is pulled apart in tension, strain is measured as the amount of lengthening 
divided by the original undeformed length and is a unitless quantity. If the force is released and 
the object completely recovers its original dimension, the stress-strain response is said to be 
elastic in nature. Orthodontic arch wires operate within the elastic range of stress and strain to 
move teeth. 
2.4 Viscoelastic Properties 
Unlike traditional orthodontic appliances, clear aligners are viscoelastic, meaning they 
undergo simultaneous elastic (spring back) and damping (time-dependent) responses when 
deformed (Tanzi 2019).  
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2.4.1 Creep and Stress Relaxation 
Two important viscoelastic properties exhibited by polymers are creep and stress 
relaxation. Creep is continuous deformation of a material over time, while under a constant load. 
It also can be described as progressive deformation of a material during a constantly applied 
stress (Sabour, 2013). If, instead of applying a constant load, a material is deformed to a given 
dimension and the dimension held constant, the resulting stress will decay over time. This 
phenomenon is described as stress relaxation.  
From a clinical viewpoint, creep can cause the aligner to “loosen” over time, whereas 
stress relaxation results when the aligner loses its ability to exert force. Stress relaxation occurs as 
soon as the aligner is inserted into the mouth, and it reduces the amount of force the aligner can 
deliver, even before tooth movement has begun (Lombardo et al. 2017).    
2.5 Polymer Types  
There are many different polymers available on the market that can be used to fabricate 
clear aligners. The initial clear aligners from Align technology were constructed from single-layer 
ridged polyurethane. Align’s first iteration of single layer plastic was replaced by a proprietary 
multi-layer polymer called Smart Track. This was followed by a plethora of orthodontic 
thermoplastic polymers becoming available and offered by other manufacturers. The majority of 
aligner manufactures use polyethylene terephthalate glycol-modified (PET-G), but other materials 
such as polypropylene (PP), polycarbonate (PC), polyurethanes (PU), and ethylene vinyl acetate 
(EVA) are also available (Lombardo et al. 2017).  
The four polymers we have chosen to investigate are Essix Ace (Dentsply Sarasota, FL, 
USA), Taglus (Allure Ortho, Whitinsville, MA), Zendura, and Zendura FLX (Bay Materials LLC, 
Fremont, CA, USA). Essix ACE and Taglus are both composed of PET-G, while Zendura and 
Zendura FLX are polyurethanes.  
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2.5.1 Ideal Polymer Properties 
Different polymers inherently differ in mechanical properties. Since a polymer’s material 
properties are linked explicitly with a clear aligner’s ability to move teeth, optimized mechanical 
properties are essential. The ideal orthodontic thermoplastic polymer would be biocompatible, 
transparent, have low hardness, good elasticity and resilience, and be resistant to enzymatic 
degradation from saliva (Alexandropoulos 2015).  
2.6 In vivo Research  
Studying the material properties of aligners in vivo is inherently difficult because the 
processed shape of an aligner does not allow for the creation of large samples required for most 
laboratory testing.  The few in vivo aligner studies on material properties have been exclusively 
retrieval analyses. Common methods used in these retrieval studies are attenuated total 
reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy, scanning electron microscopy, 
Vickers hardness testing, and instrumented indentation testing. These testing methods are favored 
because they do not require large specimen sizes. The published retrieval studies have reported 
conflicting results concerning intra-oral aging and its effect on the mechanical properties of 
aligners. One retrieval analysis published in 2019 found that Invisalign aligners worn for one to 
two weeks demonstrated decreased modulus and hardness and an increase in elastic index, as 
compared to unworn controls (Papadopoulou 2019). In contrast, a more recent retrieval analysis 
of Invisalign aligners worn for two weeks compared to unworn controls did not find any 
statistical difference in modulus, residual stress after two hours, or relative stress and strain at two 
hours (Fang 2020). 
2.7 In vitro Research 
With the sample size and shape limitation of processed aligners, research on the 
mechanical properties of orthodontic aligners has predominantly been in vitro.  Despite testing 
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standards such as those established by the American Society for Testing and Materials (ASTM) 
and International Organization for Standardization, previous studies on tensile and three-point-
bending tests have employed varying specimen geometry and dimensions. Although these 
previous studies can provide insight, the differences in experimental setups and procedures often 
prevent direct numerical comparisons (Elkholy 2019). 
In 2006 a group in Tokyo examined the effect of a simulated oral environment on the 
mechanical properties of eight dental thermoplastic materials. All rectangular test samples were 
40 millimeters long, 5 millimeters wide, and varied in thickness. Tensile and water sorption tests 
were performed to allow comparisons between as-received aligners and those subjected to a 37°C 
water bath. The polymers, thickness, and brand names investigated were: EVA (1.0 mm 
Bioplast), polyethylene (1.0 mm Copyplast), PET-G (1.0 mm Duran), polypropylene (0.8 mm 
Hardcast), polycarbonate (0.75mm Imperlon S), copolyester (1.02 mm Essix A+), 
polypropylene/ethylene copolymer (1.02 mm Essix C+), and polyurethane (0.76 mm Invisalign). 
Samples of each brand were prepared without thermoforming and placed in a 37°C water bath for 
two weeks. They found that water sorption increased with time, with all samples reaching a 
plateau by 168 hours, except for polyurethane, which did not reach a saturation point. All tensile 
test samples were thermoformed using a Biostar forming machine (Scheu-Dental, Germany) prior 
to testing. The water bath increased the elastic modulus of PC, PET-G, and A+, decreased the 
elastic modulus of PP, C+, and EVA, and did not affect the elastic modulus of PU. The water 
bath resulted in a statistically significant decrease in the tensile yield stress of all polymers 
(numerical values were not reported). The researchers concluded that future testing of 
thermoplastic polymers should occur in a 37°C water bath to allow characterizations to more 
closely simulate the clinical environment (Ryokawa 2006). 
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 The clear aligner literature regarding material properties can be organized into the 
following categories: effects of thermoforming, custom force sensors, stress relaxation, and cyclic 
loading. 
2.7.1 Thermoforming 
 The clinical process of fabricating aligners involves thermoforming a dental 
thermoplastic polymer over a model of the dentition. In 2018, Ryu et al. sought to investigate the 
effects thermoforming has on the physical and mechanical properties of thermoplastic orthodontic 
aligners. Tensile, hardness, and water sorption tests were performed to allow comparisons 
between thermoformed and as-received aligners.  The brands, polymer, and thicknesses in 
millimeters tested were as follows: Duran (PET-G, 0.5, 0.75, 1.0), Essix A+ (Copolyester, 0.5, 
0.75, 1.0), eClinger (PET-G, 0.5, 0.75), and Essix ACE (Copolyester, 0.75, 1.0). Samples used for 
tensile testing measured 40 millimeters long and five-millimeters wide and were created from 
thermoformed and as-received aligner disks. Tensile tests were performed on all materials and 
thicknesses. The distance between the points supporting the specimen was 20 millimeters. 
Thermoforming increased the elastic modulus for Essix A+ (0.5 mm) but decreased the modulus 
of Duran (0.75 mm) and Essix ACE (1.0 mm). Surface hardness and water sorption tests were 
only performed on the thickest material for each brand. Thermoforming resulted in an 
approximate 10-20% increase in hardness for Duran and Essix A+. Thermoforming also 
increased the water sorption of all materials (increase ranging from 2-4 ug/mm3) after 14 days in 
a 37°C water bath. The results of the study demonstrated that the effects of thermoforming can 
vary and are polymer- and thickness-dependent. The authors conclude the by recommending 





2.7.2 Custom Force Sensors 
Various institutions have fabricated custom force sensors to overcome the testing 
limitations associated with the complex shape of aligners. These custom force apparatus are 
generally a mechanical force-measuring device that is attached to the root of a tooth (Simon 
2014), or a thin film pressure sensors laid or imbedded on the surface of a tooth crown (Skaik 
2018).  
One study in 2015 sought to investigate the influence that different activation rates have 
on the force generated by an Erkodur aligner (1.0 mm thickness, PET-G). Dental models were 
printed with 0.2, 0.3, 0.4, 0.5, and 0.6 millimeters of activation for lingual bodily movement of a 
maxillary left central incisor. A micro-stress sensor placed on the facial surface measured the 
lingual force imparted by the aligner over two weeks. The 0.2 millimeter activation group 
resulted in an initial force of 8 Newtons. Each subsequent millimeter increase in activation led to 
approximately 1-1.5 Newtons increase in initial force. The 0.6 millimeter activation group 
experienced a 70% force decay in the first eight hours, compared to 50% - 55% force decay 
experienced in the other activation groups. Notably, the 0.2 - 0.5 millimeter activation groups 
continued to experience force decay at a steady rate for another four days before reaching a 
plateau, while the 0.6 millimeter group experienced stable minimum force levels for the duration 
of the two week testing period. The results of this study demonstrated that the amount of 
activation has a direct influence on the initial force measurement. These results also suggest that 
activation should not exceed 0.5 millimeters if attempting lingual bodily movement of an upper 
central incisor (Li 2016). 
2.7.3 Stress Relaxation  
Fang was the first demonstrate that stress relaxation is accelerated in a simulated oral 
environment (37°C water bath). In this study, five as-received thermoplastic polymers of 1.0 
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millimeter thickness were prepared into dumbbells (115 mm long and 6 mm wide in the 
narrowest region). The materials tested were: Erkodur (PET-G), Biolon (PET), Masel 
(Copolyester), Keystone (Copolyester), and Duran (PET-G). Samples were extended to and 
maintained at 5% strain for three hours in an ElectroForce testing instrument (ELF 3100, Bose 
Corp., Farmingham, MA). Samples tested within a 37°C water bath were compared to those 
tested dry at room temperature (~20°C). Results demonstrated that samples held in the simulated 
oral environment underwent stress relaxation significantly faster than their room temperature 
counterparts. After three hours, samples within the water bath delivered between 42% and 66% of 
their initial force levels, compared to the 85% - 95% force levels observed in the dry group at 
room temperature (Fang 2013). 
 Improving upon the time limitations of Fang’s work, Lombardo et al. studied the stress 
relaxation properties of four thermoplastic orthodontic polymers held at a flexural load that was 
25% of a material’s yield strength, for 24 hours in a 37°C water bath. Rectangular samples (25 x 
50 mm) were prepared from as-received polymer disks and loaded using an Instron 4467 
dynamometer (Instron, Norwood, MA). Of the four aligners tested, two were single-layered 
polymers while the other two were multi-layered. The aligner brand, thickness, and polymer 
tested were as follows: F22 Aligner (0.75 mm, PU), Duran (0.75 mm, PET-G), Erkoloc-Pro 
(1.0mm, PET-G/PU) and Durasoft (1.2 mm, PC/PU). The rate and total amount of stress decay 
(56% - 87% total loss) was greatest during the first eight hours. The single layered aligners 
exhibited the larger initial stress values of 20 - 23 MPa and underwent 55% - 60% stress 
relaxation over 24 hours than did the double layered materials (5.5 - 6.3 MPa and 18% - 26% 
force decay). The authors suggested future characterizations of stress relaxation should be 
performed on materials of similar thickness, following thermoforming, and for a duration longer 
than 24 hours (Lombardo 2017). 
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In 2020, a group of researchers in Switzerland decided to perform a one-week stress 
relaxation test on four orthodontic thermoplastic polymers. The thickness of each polymer was 
not reported, but the brands tested were CA-medium, Essix Copolyester, Duran, and Erkodur. 
ATR-FTIR spectroscopy analysis determined that all four polymers were manufactured variations 
of PET-G. The aligner disks were thermoformed over a rectangular dental stone and prepared as 
rectangular strips (30 x 4 x ~0.4 mm).  Samples were subjected to 2.1 MPa of force for seven 
days using a custom-made unit consisting of a 2-kg load cell connected with a signal conditioning 
unit, an analog to digital converter, and a computer. All samples demonstrated a reduction in 
applied stress ranging from 6-10%. The polymers exhibited an initial rapid release of stress in the 
first two hours, followed by a slower release of stress for the remainder of the seven days (data 
were not presented in tables). They did not detect a significant difference in early or prolonged 
stress relaxation among any of the PET-G polymers (Jaggy, 2020). Despite providing the longest 
stress relaxation data available, the aligners were tested dry and at room temperature. 
2.7.4 Cyclic Loading 
The effect of load cycling on the material properties of aligners are particularly relevant, 
because aligners experience load cycling clinically during insertion and removal, as well as 
during physiological tooth contact occurring upon swallowing. In 2008 Kwon et al. studied the 
effects of repeated load cycling on three types of thermoplastic materials at various thicknesses: 
Essix A+ (0.5, 0.76, 1.02 mm, polyethylene), Essix ACE (0.76 mm, Polyethylene), Essix C+ 
(1.02 mm, polypropylene). All polymers were thermoformed using a vacuum thermoforming 
machine (Tru-Form, Tru-Tain, Rochester, NY) over a flat dental stone and rectangular samples 
measuring 50 millimeters long and 20 millimeters wide were prepared. The samples were 
mounted in a proprietary 3-point bending device mounted in a universal testing machine (model 
4465, Instron, Canton, MA). The testing span length was set to 24 millimeters and loading 
occurred at the center of the sample with vertical deflections of 1 millimeter, at a rate of 100 
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millimeters per minute for 100 cycles. After load cycling the samples experienced an increase in 
hardness ranging from 1% - 9% (Kwon 2008). The results of this study demonstrate that repeated 
loading can change the mechanical properties of aligners and emphasizes the importance of 




CHAPTER 3: RESEARCH HYPOTHESIS & SPECIFIC AIMS 
3.1. Statement of the Problem 
Unknown is the degree to which an aligner polymer changes its tensile force 
decay behavior as it is repeatedly stressed, and if the changes are different for different 
commercial products. Also unknown are if product differences produce different tensile 
stress-strain behaviors. 
3.2. Central Research Hypothesis 
          The hypothesis tested in this is study is that force decay properties of aligner 
polymers undergo change following repeated loading, and the changes are different based 
on product differences. A secondary hypothesis is that different products exhibit different 
stress-strain and failure properties. 
3.3. Specific Aims 
1) To characterize tensile stress relaxation behaviors occurring in four orthodontic 
aligner polymers before and after repeated loading and unloading. To accomplish this 
specific aim, plastic strips constructed from an aligner material are elongated to a 
predetermined length and force decay measured over a defined time period. Each strip 
then is subjected to a finite number of tensile extension cycles, force decay measured, and 
comparisons made for peak force, force loss and elastic modulus, before and after stress 
cycling. 
2) Characterize tensile elastic, yield and fracture properties of four aligner 
materials. To accomplish this aim, plastic strips constructed from an aligner material are 
loaded in tension until failure results. Ultimate strength is measured directly, and elastic 
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CHAPTER 4: MATERIALS & METHODS 
4.1. Material Procurement  
4.1.1 Aligner Brands Purchased  
Four aligner plastics were purchased for study: Essix ACE, Taglus, Zendura, and 
Zendura FLX (Table 4.1). All aligners were purchased with uniform thickness and shape; 0.76 
millimeter (0.030’’) thickness x 125 millimeters diameter circular discs. 
Essix ACE and Taglus aligners were composed of PET-G, whereas Zendura and Zendura 
FLX were manufactured using polyurethane. These aligners were chosen to allow comparison of 
two polymer types and provide information on products not yet reported in the dental literature. 
4.2 Test Sample Type 
Rectangular plastic strips were chosen to serve as test samples. This permitted the same 
procedure as that used for clinical aligner fabrication and followed a standardized testing protocol 
outlined in ASTM Standard D882-18, Tensile Properties of Thin Plastic (ASTM D882-18).  
Table 4.1 Aligner Manufacturers and Thermoforming Codes or Instructions 
Brand Company Thermoforming code or 
instructions 
Essix ACE Dentsply 
Sarasota, FL, USA 
113 
Taglus Allure Ortho 
Whitinsville, MA 
25 seconds, 160°C, ≥4bar 
Zendura Bay Materials LLC, 
Fremont, CA, USA 
162 




4.3 Test Sample Production  
 4.3.1 Preparation of As-Received Discs for Thermoforming 
Variation exists in aligner packaging, as Essix ACE and Taglus are sold in bulk packages 
that contain multiple aligner discs, whereas Zendura and Zendura FLX are individually packaged. 
For protection against scratching, aligners packaged in bulk often have plastic coverings on both 
sides of each disc. Instructions for Essix ACE include removing both sides of the plastic sheeting 
before thermoforming. Taglus, on the other hand, recommends thermoforming the aligner before 
removing the plastic sheeting, which reportedly prevents a reduction in clarity of the Taglus 
aligner.  
Manufacturers include instructions on proper handling of aligner discs. The manufacturer 
recommends thermoforming Zendura and Zendura FLX within 15 minutes of opening each 
individually wrapped package. The rationale given for this time limit is that polyurethanes are 
highly moisture sensitive.  All products included in this study provide thermoforming ‘code’ 
numbers that are unique to the brand, disc thickness, and thermoforming machine used.  These 
aligner codes are three-digit numbers that identify the heating and pressure molding times the 
thermoforming device should execute. These parameters are reported in Table 4.1. All aligners 
were purchased with uniform thickness and shape; 0.76 millimeter (0.030’’) thickness x 125 
millimeter circular discs. 
4.3.2 Thermoforming 
Thermoforming is a manufacturing process where a plastic sheet is heated to a pliable 
forming temperature, formed under pressure to a specific shape on a mold, and trimmed to create 
a usable product. Clinical aligner fabrication involves using a thermoformer to mold orthodontic 
thermoplastic polymers over dental models to create clear aligners. Thermoforming was included 
in the production of this study’s samples because it simulates the process aligner materials 
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undergo during clinical fabrication. Additionally, thermoforming has been shown to exert various 
effects on material properties. 
All aligners were thermoformed over a 3D printed grey resin block (76 mm x 15 mm x 
20 mm) (Fig 4.1) produced with a Form 2 printer (Formlabs, Somerville, MI).  A rectangular 
block shape was chosen to simulate a dental arch and emulate how the plastic is stretched during 
clinical aligner fabrication. The block was designed with a channel down the center to allow for a 
cutting bur to section the thermoformed material into two half disks, resulting in two test samples 
per aligner disc.  
Thermoforming was performed using a Biostar unit (Model VII, Scheu-Dental, Germany) 
(Fig 4.2). Biostar is a positive pressure former that uses a thermally controlled infrared heater and 
is programmed digitally with a three-digit code that specifies temperature, heating, and cooling 
times.   
To commence the thermoforming sequence, the Biostar was powered on, the 3D printed 
block placed and centered on the model platform, and the selected aligner material placed into a 
clamping frame that secured it to the pressure chamber. The appropriate code was input, the 
heating element swiveled into its ‘on’ position located above the mounted aligner disc, and 
heating ensued. Following the programmed heating time, the heating element was swiveled back 
to its ‘off’ position, the chamber swung over the model, and air pressure activated by pivoting the 
locking handle to the front of the thermoforming device. The programmed pressure and cooling 
times were completed, the chamber released, and the thermoformed aligner and block removed.   
 After the aligners were thermoformed on the 3D block, a cutting bur was used to section 
the thermoformed aligner disc. This resulted in two half discs, each containing one pre-processed 
sample. A paper cutter guillotine (Carbotitanium, Westcott) was used to remove excess plastic 





Figure 4.1 3D printed block used for thermoforming during sample preparation.  
 














    
  
 








4.3.3 Final Sample Dimensions and Storage 
Final sample dimensions were approximately 76 millimeters long, 18 millimeters wide, 
and 0.45 millimeters thick however, sample thicknesses slightly varied, based on aligner material. 
A digital micrometer (CD-6’’BS, Mitutoyo Corp.) was used to measure the height, width, and 
thickness of the thermoformed samples.  Due to the plastic being drawn over a block, the samples 
exhibited variable, but uniformly decreasing thickness from one 76 millimeter side to the other. 
The sample’s center was found to be an average of the thickness at each 76 millimeter side, and 
this center measurement served as the sample’s thickness. Thickness measurements among 
sample groups ranged from 0.38 to 0.49 millimeters, but variation within each group was less 
than 0.04 millimeters.  The gauge length standardized at 20 millimeters conformed to those 
outlined in ASTM Standard D882-18 (Standard Test Method for Tensile Properties of Thin 
Plastics). After preparation, the samples were stored in incubated 37°C distilled water for at least 
24 hours before testing. 
4.4 Preliminary Trials 
 4.4.1 Experimental design 
To achieve the specific aim of measuring force decay associated with repeated loading, 
testing parameters needed to be established. These included extension lengths, the                              
time under extension, relaxation time and the number of loading cycles.  
 4.4.2 Elongation Length 
 Determining an elongation length that would not plastically deform any of the aligner 
samples was a key goal. Ensuring that testing was carried out exclusively in the elastic range 
eliminated the possibility of permanent strain being imparted to the test sample, which would not 




were mounted at a 20 millimeter gauge length in an electromechanical Instron Universal Testing 
Machine (model 5500R) and elongated at a rate of 0.20 millimeters per minute to failure. Stress-
strain curves were generated, and 0.2% offset yield strengths calculated. The lowest yield 
extension occurred for Essix ACE, which was determined to be approximately 0.5 millimeters.  
To allow testing to remain in the elastic range for all polymers, the elongation length was set at 
0.4 millimeters. These stress-strain data also formed the basis for conducting power analyses that 
established group sample sizes. 
 4.4.3 Force Decay Time Determination 
            An appropriate time for a plastic strip to be held under tension reflects more than 75% of 
force an aligner loses before its force reaches a plateau. In order to determine the appropriate 
force decay time, each strip was extended to a length that was below the yield strength and held 
until a force plateau was achieved. It was determined that one and one-half hours produced a 
force decay curve with nearly zero slope, and furthermore, 80% to 85% of the total force loss 
occurred within the first five minutes. Follow-up experiments with the four aligner polymers 
demonstrated that extending a strip 0.4 millimeters, holding for five minutes, and releasing the 
force, caused a strip to recover its original length to within less than 0.01 millimeter. 
Consequently, this testing regimen was chosen for future repeated cycling experiments.  
 4.4.4 Cyclic Loading  
A single aligner is normally prescribed for ten to fourteen days of wear. Over this time 
period patients are instructed to only remove the aligners for meals and to brush their teeth. 
Ideally the aligners would be inserted and removed five times a day for ten days. A total of 50 
load cycles was thus chosen to mimic the normal instructions given to patients. Additionally, 
damage may accumulate in the aligner even after the first insertion and removal. It is therefore 
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necessary to monitor the changes that occur during the initial loading cycles. A pattern was 
designed to extend and relax the aligner three times before 46 consecutive cycles were performed, 
as well as one additional time after cycling, for a total of 50 loading-unloading cycles. The 
samples were then stored for one week to allow complete relaxation of the sample, before being 
loaded one additional time. This loading pattern permitted measurement of modulus, maximum 
force, minimum force (force at the end of the relaxation period) and force lost during relaxation, 
which was the algebraic difference between maximum and minimum forces. These parameters 
were measured for the initial stages of loading, after 46 consecutive cycles, and after one week of 
relaxation.  
 4.4.5 Power Analysis  
A power analysis was performed, based on results obtained for elastic modulus derived 
from preliminary stress-strain tests. This provided an estimate of the samples required for the 
project. Four strips from each of four polymer types were tested, producing 12 degrees of 
freedom. Assuming a desired detection level of 150 MPa and standard deviation 50 MPa with 
80% power, n = 5 was determined to yield significant differences at the α = 0.05 confidence level. 
4.5 Extension Cycling Test 
When an aligner is placed into or removed from the mouth, it is stressed. Cycling tests 
conducted in displacement or load control simulate this repeated stress process. Extending a 
sample to a given length and holding for a period of time permits the measurement of force (or 
stress) decay over time. During extension to the end point, stress-strain properties can be 
monitored, and elastic modulus calculated. Once the end point is reached, the resulting force 
reaches a maximum and decays over a given time period. This permits measurement of initial 
(maximum) and final (minimum) force during relaxation. Total force decay can be calculated 
through subtraction of minimum from maximum force. Together, the parameters of modulus, 
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maximum force, minimum force and change in force (or force decay) provide quantitative 
assessment of viscoelastic material change. 
4.5.1 Experimental Setup 
Extension cycling and stress relaxation were performed using a servohydraulic Instron 
Universal Testing Machine (model 8800R) (Fig 4.7) equipped with a 200 lb. load cell. A water 
bath chamber was constructed around the bottom grip to allow the samples to be partially 
submerged during testing (Figs 4.5 & 4.6).  A 37 C to 39 C water temperature was maintained 
by circulating distilled water from a large beaker resting on a heating plate through a pump to the 
water bath during testing. Previous research demonstrated the importance of testing orthodontic 
thermoplastics in simulated oral conditions, as both water and temperature influenced the material 
properties (Tamburrino et al., 2020). To simulate an oral environment during the extension 
cycling tests, each sample was submerged 3/4th of its length in the water bath and tightened into 
the lower grip. 
4.5.2 Sample Mounting 
Prior to mounting in the water bath chamber, each sample was measured using a digital 
micrometer gauge (CD-6’’BS, Mitutoyo Corp.). The distance between the grips, 20 millimeters, 
served as the gauge length and complied with that specified in the ASTM D882-18 standard. 
Mounting was accomplished using a custom made ‘shark tooth’ face for the lower grip (Fig 4.9) 

































Figure 4.7 Servohydraulic Instron Universal Testing Machine (model 8800R) 
used for extension cycling and stress relaxation testing. Also pictured is the water 













The shark tooth grip was screw tightened into a grip mount submerged in the water chamber. The 
cross-hatch face was placed into a tensile pneumatic grip with air pressure set at 60 psi.  
4.5.3 Testing Procedures 
At the time of testing, a sample was removed from the incubator and aligned into the 
custom shark tooth grip. The grip was screw-tightened into the grip mount that was submerged in 
the distilled water bath. Once the lower grip was in place, the upper pneumatic grip was then 
lowered to a testing span of 20 millimeter and closed. The testing machine was turned to high 
power to allow the Instron WaveMatrix program (Version 1.8, build 374) to control the testing. 
During the first three cycles, each sample was extended to 0.4 millimeters at a rate of 0.2 
millimeters per second. This rate was derived from the ASTM standard and has been reported in 
previous studies (Ryu et al., 2018). The sample was then held at the 0.4 millimeter extension for 
five minutes, returned to a zero-force level and allowed to relax for five minutes. Following the 
third cycle, the plastic strip was subjected to 46 consecutive cycles at the same extension rate and 
extension length, but without stoppage and relaxation between cycles. Afterwards, the same 
extension-relaxation cycle as performed for the first three cycles was applied. The sample was 
then removed from the test setup and placed back into distilled water to be stored at 37 °C for one 
week. One week later the same sample was subjected to a single extension-relaxation test. A total 
of five samples from each aligner group was tested. Each cycle in the testing regime were defined 
as time points. F1, F2, and F3 represented the first, second, and third cycle respectively, while AC 
(after cycling) represented the 50th cycle. 1 WK represented the 51st cycle after one week of 
relaxation following AC.  
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4.6 Tensile Stress-Strain Test 
  Tensile testing was performed to gain a fundamental understanding of traditional tensile 
properties that included elastic modulus, 0.2% offset yield and ultimate tensile strengths. Tensile 
tests were performed by an electromechanical Instron Universal Testing Machine (model 5500R) 
(Fig 4.10) equipped with a 500 N load cell and pneumatic grips with cross-hatched faces set at 60 
psi. Bluehill 3 software (version 3.67) controlled the test procedures and acquired data. Based on 
the machine’s configuration, it was not possible to construct a water bath chamber. To simulate 
the oral environment, the plastic strips were immersed in a 4-liter beaker with 37 C distilled 
water. It was positioned nearby to allow rapid transfer and mounting of the sample. The distilled 
water within the beaker was maintained at 37 + 1 °C using a heating plate (Fig 4.11).  Sample 
thickness and width were recorded prior to testing, and it was determined that a strip could be 
mounted and tested within 15 seconds, thereby preserving desired moisture and temperature. 
When testing was ready to commence, the sample was promptly removed from the beaker and 
quickly clamped at a pre-set gauge length of 20 millimeters. The time to transfer and mount the 
sample took approximately ten seconds. Testing was initiated as soon the sample was aligned and 
clamped. The testing time lasted approximately five seconds, until sample failure was achieved. 
During the test, the software recorded extension from the machine’s crosshead displacement and 
force from the load cell. Stress-strain results were calculated, charted and ultimate strength 
recorded. Tangent modulus in the linear region of the stress-strain curve represented elastic 
modulus, and 0.2% offset yield strength was constructed and calculated. 
4.7 Data Analyses 
For cyclic testing, data descriptive statistics (means, standard errors) of dependent 
variables maximum force, minimum force, force decay, and elastic modulus were calculated for 
each material at each time point. A two-way analysis of variance (ANOVA) with full interaction 







Figure 4.10 The electromechanical Instron Universal Testing Machine (model 











serving as independent variables (p<0.05). If results from the ANOVA were determined to be 
significant, a Tukey-Kramer post hoc test was chosen for pairwise comparisons among group 
means (p < 0.05). For tensile testing, data descriptive statistics (means, standard errors) of 
dependent variables maximum load, ultimate strength, elastic modulus, and yield strength were 
calculated for each material. A one-way analysis of variance (ANOVA) was conducted, with 
materials serving as the independent variable (p<.05). If results from the ANOVA were 
determined to be significant, a Tukey-Kramer post hoc test was chosen for pairwise comparisons 
among group means (p < 0.05).  All statistical analyses were performed with NCSS 2004 















CHAPTER 5: RESULTS 
5.1 Extension Cycling Results 
 Results from a two-way ANOVA demonstrated that significant differences (p<0.05) were 
present among the materials and time points for all properties tested, except for minimum force, 
where significant differences between time points were not observed. No two-way interactions 
between material and time were noted (p>0.05). This indicated that all materials behaved in a 
similar manner every time interval, and the material differences were similar at each time point. 
A Tukey-Kramer post hoc test was used for pairwise comparisons of main effects where group 
means were based on pooled data (p < 0.05). Results for specific properties are presented below. 
   5.1.1 Maximum Force  
Table 5.1 presents two-way ANOVA results for maximum force. Figure 5.1 shows the 
maximum force measured at each time point when materials are pooled, and Figure 5.2 shows 
maximum force for each material when time points are pooled. With materials pooled, observed 
was a decrease in maximum force from F1 to AC, followed by a complete recovery of maximum 
force at 1 WK. A significant difference in maximum force was first observed at F3 and did not 
significantly change after cycling. The maximum force recovered completely at one week and 
was not statistically different than F1 (p>0.05).When time points were pooled, Zendura and 
Zendura FLX were significantly different than the other materials (p<0.05) and exhibited highest 
and lowest maximum force values, respectively. Essix and Taglus were not significantly different 
from each other (p<0.05) and exhibited mean force values lying between those of Zendura and 








Figure 5.1 Bar graph displaying means and standard errors of maximum force for each time 
point with materials pooled. Means with the same lowercase letter are not significantly 

























Figure 5.2 Bar graph displaying means and standard errors of maximum force for each 
material with time points pooled. Means with the same lowercase letter are not significantly 



























   5.1.2 Minimum Force  
Table 5.2 presents two-way ANOVA results for minimum force. Figure 5.3 shows 
minimum force for each time point when materials are pooled, and Figure 5.4 shows minimum 
force for each material with time points pooled.  
The ANOVA did not detect a significant difference between the materials at any time 
point (p>0.05). With materials pooled, the minimum force value remained constant at 
approximately 104 N at all time points. With time intervals pooled, Zendura and Zendura FLX 
were significantly different than the two other materials (p<0.05), and exhibited the highest and 
lowest minimum force values, respectively. Essix and Taglus were not significantly different 









5.1.3 Force Decrease During Relaxation  
Force decrease occurring during relaxation was calculated as the difference between 
maximum and minimum forces and can be graphically represented as a force relaxation curve 
(Figure 5.5). In the ANOVA table presented in Table 5.3, time and material were shown as being 
significantly different (p<0.05), whereas time x material interaction was not (p>0.05). From 
Figures 5.6 and 5.7, the trends observed between time points demonstrated decreases in force 
from F1 to AC, followed by an increase at 1 WK. The amount of force decrease was 
 
 
Figure 5.3 Bar graph displaying means and standard errors of minimum force for each time 
point with materials pooled. Means with the same lowercase letter are not significantly 
different (p ≥ 0.05). 
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Figure 5.4 Bar graph displaying means and standard errors of minimum force for each 
material with time points pooled. Means with the same lowercase letter are not significantly 























approximately halved between F1 and F2, and halved again between F3 and AC. At 1 WK the 
force decrease returned to a value that was not significantly different than F1 (p>0.05). For 
materials, the force decrease for Zendura FLX was significantly lower than the other materials 



































Figure 5.7 Bar graph displaying means and standard errors of force decrease during relaxation 
for each material with time points pooled. Means with the same lowercase letter are not 


























Figure 5.6 Bar graph displaying means and standard errors of force decrease during relaxation 
for each time point with materials pooled. Means with the same lowercase letter are not 

































   5.1.4 Elastic Modulus 
Table 5.4 shows two-way ANOVA results for elastic modulus. Figure 5.8 shows the 
mean modulus values at each time point, and Figure 5.9 shows modulus values for each material 
over time. Modulus significantly increased from before cycling to after cycling (p<0.05) and 
returned to initial values following one week of recovery (F1 versus WK1, p>0.05). For materials 
at all time points, Zendura FLX was lowest in modulus, which was followed by Essix (p<0.05). 
Zendura and Taglus exhibited highest moduli were not significantly different from one another 
(p>0.05).  
 
Table 5.4 Elastic Modulus Two-Way ANOVA Table 
 
 
Figure 5.8 Bar graph displaying means and standard errors of elastic modulus for each time 
point with materials pooled. Means with the same lowercase letter are not significantly 





















5.2 Tensile Stress-Strain Results 
For assessing differences in traditional tensile properties, materials were the only 
independent variable for the studied properties. A one-way ANOVA was enlisted, and it 
demonstrated that significant differences (p<0.05) were present among the materials. Specific 
group differences were identified through pairwise comparisons via a Tukey-Kramer post hoc 
test. 
5.2.1 Maximum Load 
Table 5.5 shows the one-way ANOVA table and Figure 5.10 shows Tukey-Kramer 
results for maximum load for each material.  Significant differences in maximum load were 
observed among the groups. Zendura and Zendura FLX were each significantly different than the 
other two materials (p<0.05) and exhibited the highest and lowest maximum load values, 
 
 
Figure 5.9 Bar graph displaying means and standard errors of elastic modulus for each 
material with time points pooled. Means with the same lowercase letter are not significantly 























respectively. Essix and Taglus were not significantly different (p<0.05) and exhibited maximum 
load values between those of Zendura and Zendura FLX.  
 
5.2.2 Ultimate Strength  
Ultimate strength results are presented in Table 5.6 and Figure 5.11. All materials 
exhibited significantly different ultimate strength values from one another (p<0.05). Ultimate 
strength values, from smallest to largest, were as follows: Zendura FLX, Essix, Taglus, and 
Zendura. 




Figure 5.10 Bar graph displaying means and standard errors of maximum load for each 
































5.2.3 Elastic Modulus  
As presented in Table 5.7 and Figure 5.12, all materials exhibited significantly different 
elastic modulus values from each other (p<0.05). The rank order from smallest to largest were 
Zendura FLX, Essix, Zendura, and Taglus. 
 





Figure 5.11 Bar graph displaying means and standard errors of ultimate strength for each 






































5.2.4 Yield Strength  
Yield strength represents the transition from elastic to permanent deformation during 
loading. It was particularly critical for this project, as it determined the range of tensile extension 
that would permit complete elastic behavior for the stress relaxation component of the project. 
Table 5.8 present ANOVA results and Figure 5.13 shows Tukey-Kramer results for yield 
strength. 
Zendura exhibited the highest yield strength, which was significantly different than the 
other materials (p<.05). Non- significant differences resulted for Zendura FLX, Essix, and Taglus 
(p>0.05). 








Figure 5.12 Bar graph displaying means and standard errors of elastic modulus for each 














































Figure 5.13 Bar graph displaying means and standard errors of yield strength for each 





















CHAPTER 6: DISCUSSION 
6.1. Force Changes During Extension Cycling  
During orthodontic treatment with clear aligners, the appliance undergoes a load (or 
extension) cycle every time it is removed and reinserted into the mouth. Ideally, a patient would 
remove an aligner five times per day for a ten day period, resulting in each aligner being loaded 
50 times. It is unknown if insertion and removal imparts a permanent change on the aligner’s 
ability to apply force on the dentition. Therefore, a primary goal of this study was to evaluate 
tensile stress relaxation properties of aligner materials following simulated repeated loading. 
Extension cycling to 0.4 millimeters produced consistent material responses for all 
groups for all properties and all materials, regardless of time interval.  This suggested that the 
observed changes were more likely to be related to the inherent viscoelastic nature of the 
particular thermoplastic, as opposed to differences in polymer composition.  
Approximately eight Newtons, which represented a 53% reduction in force, was observed 
between F1-F2, and four Newtons (56% reduction) between F3 and AC (Figure 5.6). Since these 
force changes primarily can be attributed to a progressive lowering of maximum force over time 
(Figure 5.1), the minimum remained relatively constant at each extension cycle (Figure 5.3). This 
force decrease can be attributed to a continuing accumulation of creep deformation, which was 
not fully recovered with each ensuing cycle. Although the samples extended to a stress falling 
below the yield strength, molecular recovery to an initial state was not completely realized. 
Consequently, with the next extension cycle, molecular resistance to extension was lower, which 
produced a lower force at maximum extension. When a plastic strip is held in tension during 
relaxation, it is expected that stretching of polymer chains, which are aligned with the axis of 
applied force, do not fully recover their original dimension. This also can lead to a reduction in 
force during the next extension cycle. Notably, when comparing F2 with F3, the amount of 
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decreased force during constant extension was sufficient to permit partial creep recovery (Figure 
5.6). Following 46 repeated cycles without relaxation, another decrease in maximum force was 
observed, suggesting the loading-unloading area within the hysteresis loop decreased, which 
reflects decreased stored energy that must be overcome for a loading cycle. After one week of 
storage, the samples recovered their initial maximum force and exhibited the same amount of 
force decrease during relaxation as that observed during the initial extension cycle. This implies 
that the polymer network was able to recover its original dimension. Therefore, the prior changes 
observed were elastic, and permanent damage did not accumulate. This suggests that insertion 
and removal of aligners may not affect the force delivery properties of aligners in a significant 
way. 
A previous study conducted in China investigated the effects of removal frequency on 
force delivery of a PET-G aligner (Skaik 2019). Using a simulated dentition model to load the 
aligner, they observed a force decrease of five Newtons after 50 consecutive insertions and 
removals, without permitting relaxation between cycles. This amount of force reduction is similar 
to what was observed in this study between F3 and after cycling (4 Newtons).  However, in 
contrast to results reported here, no significant change occurred between the first and second 
insertion. This may be explained by differences in protocol, as applied displacement was lower 
(0.2 mm), and tests were not conducted in the presence of water.  
6.2. Minimum Force  
A somewhat surprising finding was that minimum force remained virtually unchanged at 
each step of the extension regimen, exhibiting independence from the effects of cycling. The 
minimum force value likely represents an equilibrium reached within the sample, where the 
molecular chains are nearly as aligned and elastically extended as possible. When comparing 
force values among materials, minimum force may be most clinically relevant, as it represents the 
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force needed to activate tooth movement after an aligner has been inserted and allowed to relax 
into position.  
6.3. Modulus  
 Repeated cycling produced a stiffening effect, as elastic modulus values were on average 
30% stiffer after 50 cycles (Figure 5.8).  The modulus increased incrementally with each cycle, 
with the rate varying among the materials (not shown). Similar to the aforementioned property 
changes, the modulus returned to initial levels after one week of recovery. These observations are 
supported by previous load cycling research that reported stiffening of a PET-G aligner. The 
modulus similarly recovered when given 24 hours to relax following loading (Cianci 2020).  The 
observation that the modulus increased with repeated extension cycling can be partially explained 
by the Boltzmann superposition principle. This principle states that each loading step makes an 
independent contribution to the overall strain, which can be determined through the algebraic sum 
at each step. Therefore, incremental changes in stress are equal to incremental changes in 
modulus multiplied by the strain. The basic mechanism underlying elastic deformation is the 
elongation of polymeric chain molecules in the direction of the applied stress, therefore the 
explanation for an increasing modulus is that the polymer chains experience a loss of 
entanglement as they become more organized and aligned, which restricts molecular movement, 
causing the material to stiffen.  
6.4. Material Differences Identified From Stress-Strain Tests 
Polymer behavior and mechanical properties inherently depend on chemical composition, 
molecular structure, manufacturing conditions, in-service temperature, humidity and rate at which 
the material is analyzed. Thermoplastic polymer resins consist of long polymer molecules which 
may or may not have side chains attached to them. There are two types of thermoplastic 
polymers, crystalline and amorphous. The thermoplastic polymers used for orthodontics aligners 
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are predominantly amorphous, as crystallinity imparts a degree of opacity, which usually is not 
observed. 
Essix Ace is a 95% copolyester and 5% proprietary copolymer, however ATR-FTIR 
spectra have placed it within the characteristic range of PET-G (Jaggy 2020, Alexandropoulos 
2015). Taglus openly advertises itself as a PET-G polymer. PET-G is a non-crystallizing 
amorphous copolymer of polyethylene terephthalate (PET) and cyclohexanedimethanol (CHDM) 
that is formable, flexible, fatigue resistant, of high impact strength, possesses good chemical 
resistance and demonstrates good clarity (Zhang 2011). 
Zendura and Zendura FLX are thermoplastic polyurethanes (TPU). Their structures are 
block copolymers, consisting of alternating hard and soft segments (or domains) that are 
covalently bonded together through urethane linkages. By varying the ratio, structure, and 
molecular weight of the reaction compounds, a plethora of different polyurethanes can be 
produced with varying properties. Unlike Zendura, which is a single layer of PU, Zendura FLX is 
a multi-layer plastic that consists of two hard outer shells and an inner elastomeric layer. The 
exact composition of the layers is proprietary, but it is reported that the core is polyurethane. 
 For the majority of stress-strain properties tested, the pattern observed among materials 
was consistent, regardless of material property measured. This is largely expected, as the 
molecular make up of each polymer dictates its mechanical properties. Essix Ace and Taglus, 
both PET-G polymers, exhibited similar values and behavior. The only significant difference 
between them was modulus and ultimate strength, where Taglus was stronger (Figure 5.11) and 
8% stiffer (Figure 5.12). This observation is supported by previous stress relaxation research, 
where various PET-G aligner materials behaved similarly, regardless of brand (Jaggy 2020). In 
contrast to the PET-G materials, Zendura often displayed the highest material property values, 
while Zendura FLX exhibited the lowest values. A notable exception was elastic modulus, where 
Taglus was the stiffest of the four materials (Figure 5.12).  
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 An ideal aligner would be resilient enough to withstand large and sudden loads, strong 
enough to resist abrasion and fracture, and be able to exert a continuous low force on the teeth. 
The relevant material properties tested were ultimate strength, yield strength, and elastic modulus. 
Ultimate strength measures the maximum stress a material can endure prior to fracture. This 
property is especially relevant when a material is subjected to large, repeated loads, such as 
occurs during bruxism. Yield strength is the amount of stress at which plastic deformation occurs. 
Plastic deformation can be a concern if substantial activations (i.e., applied forces) are 
programmed into the dental models prior to thermoforming, or large attachments are placed onto 
the teeth. This is relevant because plastic deformation leads to a permanent change in the aligner 
shape, causing a decrease in the amount of force the aligner is capable of delivering to the teeth. 
The elastic modulus is an indirect measurement of a material’s stiffness under load and is 
measured as the slope of the stress strain curve within the region of elastic (or recoverable) 
deformation. Figure 6.1 depicts representative curves for the four aligner polymers and shows 
locations where yield and ultimate strengths occur. When displayed graphically, material 
differences are apparent. Vertical lines drawn from the abscissa to the curves identify the yield 
strengths, which are read along the stress axis. Two energy properties may be estimated through 
inspection of the area under a stress-strain curve. The area from the curve origin to the yield 
strength (vertical line) represents resilience, or a material’s ability to absorb elastic (recoverable) 
energy. The property of toughness is determined through calculation of area beneath an entire 
stress-strain curve. This includes both elastic and plastic energy, and represents total energy 




Two PU aligners (Zendura, Zendura FLX) are approximately twice as tough as those 
made from PET-G (Figure 6.1). This may be due to the inherent differences in molecular 
structure but could also be due to differences in processing. Bay Materials, the manufacturer of 
both Zendura and Zendura FLX, owns a patented process for manufacturing their thermoplastics, 
which includes elevated temperatures and 100% humidity. This reportedly promotes better 
mechanical properties in intraoral conditions.  Given the combination of strength, toughness, and 
resilience, Zendura appears to be the material of choice for heavy forces, such as occurs with 
bruxism.  
Zendura FLX, while demonstrating lower yield strength, modulus and ultimate strength 
than Zendura, also underwent the least amount of force decay following relaxation. These 
properties likely are imparted by design, as it is reported that Zendura FLX is fabricated 
specifically to be more comfortable for patients (website).  
 
 
Figure 6.1 Representative stress-strain curves of four aligner polymers, with ultimate strength 





























 The central hypothesis of this study stated that force decay properties of aligner 
polymers change following repeated extension cycling and are different, based on product 
differences. This hypothesis was tested through Specific Aim 1, which evaluated extension 
cycling properties of force decay, maximum and minimum force, and modulus. The central 
hypothesis was partially accepted, as significant differences (p<0.05) were present among the 
materials and time points for all properties tested, except for minimum force, where significant 
differences between time points were not observed.  
A secondary hypothesis, that different products exhibit different stress-strain and failure 
properties, was tested through Specific Aim 2, where tensile properties of 0.2% offset yield 
strength, ultimate strength, and elastic modulus were measured. The second hypothesis was 
accepted, as significant differences were detected among materials for all the properties tested 
(p<0.05).  
6.5. Research Limitations 
Results presented in this study must be viewed with knowledge that limitations were 
present. First, the experimental design for extension cycling was reliant upon choosing the lowest 
yield strength. A more representative extension length would simulate the amount of deformation 
an aligner undergoes when it is flexed over large attachments. In this way the material would be 
tested with the amount of deformation required to perform its clinical function. Secondly, the 
amount of time the sample was unloaded between extension cycles was limited to five minutes, 
whereas one-half hour may better simulate the amount of recovery the polymers undergo when 
removed for meals. A third limitation occurred when performing laboratory tests on sample 
shapes that differed from in-service appliances. An aligner geometry is complex and is 
simultaneously subjected to tension, compression, flexure and torsion during usage. The 
rectangular strip was subjected only to uniaxial extension. Lastly, samples were stored in distilled 
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water, which lacked salivary enzymes. Previous research demonstrated that exposure to saliva can 
affect the elastic modulus of aligners (Francesco 2020).   
6.6 Conclusions  
The primary purpose of this research was to discern if repeated stresses from extension 
cycling would result in accumulated damage in aligner materials and affect force delivery. A 
secondary goal was to identify potential differences in mechanical behavior among commercially 
marketed aligner polymers. Conclusions drawn from this study are as follows: 
1. Extension cycling demonstrated a decrease in maximum force and force decay, and an 
increase in modulus as the number of cycles increased. It was postulated that 
accumulated, but recoverable, creep contributed to changes in force. Increased elastic 
modulus observed during repeated loading was attributed to reduced viscous response, 
which permitted stiffening of the polymer network. 
2. Material property changes caused by extension cycling to 0.4 millimeters were 
completely recovered to initial levels after one week of storage. This suggests that low 
levels of repeated deformation do not generate permanent fatigue damage. Therefore, this 
amount of deformation incurred during removal and reinsertion of an aligner tray is 
unlikely to introduce permanent damage. 
3. Of the products tested, Zendura FLX exhibited the least amount of force decay, 
whereas Zendura, Taglus, and Essix Ace were similar in their force decay properties, 
which were higher than Zendura FLX. It is postulated that this difference is imparted 
from Zendura FLX’s unique three-layer composition. 
4. Zendura exhibited highest strength, yield strength, and toughness. These properties 




6.7 Consideration For Future Work 
Previous long-term stress relaxation tests have only included PET-G samples (Jaggy 
2020). For a more thorough understanding of an aligner’s ability to maintain force during 
treatment, aligner products varying in composition should be studied.  
To better simulate clinical usage, a future study could be designed where a master cast 
with a preprogrammed amount of activation is fit with force sensors, and the abilities of various 
aligners to complete the prescribed tooth movement are compared. This method would permit 
direct comparisons among commercial products while using the same model for all aligners. This 
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